The relationship between biomarkers of exposure to cigarette smoke in 24h urine samples collected from groups of 80 smokers (44 males, 36 females) and 40 never smokers (17 males, 23 females) at two centers in Europe was studied. Eight biomarkers (nicotine, cotinine, hydroxycotinine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) and all of the respective glucuronide conjugates) were measured. Subjects from the two centers were pooled and biomarker data analyzed according to the machine smoked tar yield of the brand each subject smoked and the recorded number of cigarettes smoked per day (CPD). A statistically significant relationship between CPD and all of the biomarkers analyzed was found. Smokers of less than 11 CPD had the lowest mean 24h urinary concentrations for all biomarkers measured. However, if the amount of constituent obtained from each cigarette smoked was calculated, then the amount of nicotine obtained per cigarette was highest in this group although the variation was also greatest for this group. The amount of NNK (4-(methylnitrosamino)-1-(3-pyridyl)-1 butanone, the parent molecule of NNAL) obtained per cigarette was not statistically significantly different across all groups. In conclusion, these results confirm the reliability of 24h urinary total nicotine and NNAL concentrations as biomarkers of exposure to specific cigarette smoke constituents across two centers in Europe. These measurements may provide an objective alternative to CPD when grouping smokers for are studies of other endpoints.
INTRODUCTION
Cigarette smoke is a complex mixture of over 5000 different chemicals that partition between a gaseous and a particulate phase [1] . Interaction between the smoke constituents adds further complexity to the mixture. The yields of smoke constituents per cigarette are measured by machine under controlled smoking conditions defined by the International Organization for Standardization [2] or the USA Federal Trade Commission [3] . While these methods are useful for measuring the machine derived yields of cigarette smoke constituents, they do not, and were not intended to, reflect human smoke yield [4] . Individual smoking behavior, such as puff volume, puff frequency and depth of inhalation, determines the amount of smoke any smoker draws into the lungs [5] .
The limits of machine smoked measurements of constituent yields point to the need for other systems to measure the exposure to cigarette smoke. In other studies with large numbers of subjects, a technique based on the analysis of smoked cigarette filters has been developed [6] . This method has the advantage of giving an estimate of mouth-level exposure for the cigarette actually smoked by each smoker without the need for the collection of any biofluid; however, it does not measure the amount of smoke drawn into the lungs or subsequently distributed throughout body tissues and so *Address correspondence to this author at the British American Tobacco, GR&D Regents Park Road, Southampton, SO15 8TL, UK; Tel: +44 (0)2380 793647; Fax: +44 (0)2380 793076; E-mail: Frazer_Lowe@bat.com interest has focused on the potential of biomarkers for this use [7] . Biomarkers of exposure are used to confirm the absorption of specific smoke constituents in a quantitative manner, avoiding the problems of smoking behavior and machine yield measurement. Nonetheless, covering the wide range of constituents present in tobacco smoke will require the measurement of several biomarkers. Ideally, biomarkers of exposure should be related to a specific exposure of interest, such as the measurement of urinary 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) as a biomarker of exposure to 4-(methylnitrosamino)-1-(3-pyridyl)-1 butanone (NNK) [8] .
We have previously described two separate studies conducted at geographically distinct sites across Europe: Leeds, UK [9] and Messina, Italy [10] , in which the subjects were recruited according to similar criteria. Although there was a similarity between the recruitment criteria, there are distinct differences between the diets and lifestyles of these regions and the brands of cigarettes smoked were also different. In the present study, these subjects were pooled and the original urinary biomarkers of exposure data from Leeds [9] and Messina [10] were re-examined with different statistical approaches. This larger subject pool allowed us to examine sub-groups in cigarettes per day (CPD) categories that are different from the original recruiting criteria and to establish whether data obtained from two separate European areas is suitable for combination, allowing for possible lifestyle and cigarette brand differences. The results confirm the utility of biomarkers for evaluating exposure to specific cigarette smoke constituents.
MATERIALS AND METHODOLOGY
The detailed description of the subject recruitment and study design at both centers has been described previously [9, 10] . Briefly, never smokers, former smokers and regular smokers of cigarettes from two categories were recruited based on screening questionnaire responses and spot salivary or urinary cotinine measurements and exhaled breath carbon monoxide measurements, according to pre-defined inclusion and exclusion criteria. The two groups of cigarette smokers included were a "lower exposure" group (subjects who regularly smoked 10 or less cigarettes per day of a specified brand with an ISO tar yield of 6 mg or less) and a "higher exposure group" (subjects who regularly smoked 20 or more cigarettes per day of a specified brand with an ISO tar level of 9 mg or greater). All study subjects were recruited as healthy volunteers, as assessed independently by routine medical examination at the clinical centers.
For this study subjects from both centers were pooled but as only one centre recruited former smokers they have not been included in the analyses presented here. The new pooled group contained 80 smokers (44 males, 36 females) and 40 never smokers (17 males, 23 females). The mean age of the smoker subjects was 32.9 years (SD 9.7) and the never smoker subjects 29.1 years (SD 7.2). Eight biomarkers of exposure were measured in 24h urine from these groups (nicotine, cotinine, hydroxycotinine, NNAL and all of the respective glucuronide conjugates). NNAL and its metabolite were analyzed using a solid phase extraction and liquid [11] and Pan et al. [12] (LLOQ 5ng/ml ULOQ 1000ng/ml). Urinary nicotine and its metabolites were analyzed using a solid phase extraction and liquid chromatography with tandem mass spectrometry as described by St. Charles et al. [6] (LLOQ 10ng/ml ULOQ 5000ng/ml). When described below, total nicotine metabolites represent the sum of the nicotine, cotinine and hydroxycotinine plus all of their glucuronide conjugates, allowing for the molecular mass of the analyte, expressed as a mass of the parent molecule. The glucuronide moiety of NNAL is deconjugated enzymatically prior to analysis and therefore the sum of both glucuronide conjugated and unconjugated NNAL is presented.
Although recruited according to self-declared smoking amounts, during the 24h clinical observation period, many smokers smoked a different number of CPD than they had reported in the screening interview, with 26 subjects smoking between 11 -18 CPD. Therefore, all subjects were divided into new sub-groups according to the number of CPD recorded in the clinical period and the ISO machine smoked tar yield of their cigarette brands as follows:
Never smokers (n=40); 1-10 CPD, <6mg tar yield (n=27); 11-18 CPD, <6mg tar yield (n=13); 11-18 CPD , 6mg tar yield (n=13); 19-24 CPD, 6 mg tar yield (n=13); and 25 CPD, 6 mg tar yield (n=14).
Statistical Analysis
The median value, geometric mean and their confidence limits were calculated for all biomarker concentrations. A chi square test for trend and analysis of variance across groups were performed. In all trend analyses, the never smoker group data was included as the baseline. Although outlier and extreme data points are shown separately in the figures presented, all data have been used in the statistical analyses.
Clinical Ethics
These studies were conducted in accordance with Good Clinical Practice, the Declaration of Helsinki (as adopted by the 18th World Medical Assembly in 1964 and reviewed in Scotland in 2000), and the European Legislation on Clinical Trials. The protocols for each of the clinical studies were approved by the Local Independent Ethics Committees: The Messina protocol by the University Polyclinic "G Martino" (Messina, Italy) with the registration number E468/06 and the Leeds protocol by the Covance Clinical Research Unit Independent Ethics Committee. Written, informed consent was obtained from all subjects prior to the start of the study.
RESULTS
A statistically significant positive trend with the number of CPD was observed for all the exposure biomarkers studied ( Table 1) .
Due to the sub-group split of the subjects it was possible to directly compare biomarkers of exposure in smokers of 11 -18 CPD for cigarettes with an ISO tar yield < 6mg (n = 13) and those with an ISO tar yield of 6mg (n=13). For all of the biomarkers of exposure examined, lower concentrations were seen in smokers of lower tar yield cigarettes compared to higher tar yield cigarettes, although the differences did not reach statistical significance. Analysis of heterogeneity did not show a "center effect" for any of the biomarkers of exposure although there was some effect in the number of CPD, with the subjects from Leeds having greater proportion of more CPD smokers (data not shown).
In Fig. (1) , the relationship between total nicotine metabolites or total NNAL and the number of CPD is shown.
For both biomarkers there is a clear linear trend across the groups from never smokers to smokers of 25CPD. From these data the average contribution of each cigarette smoked were calculated by dividing the concentration of the biomarkers by the CPD, which is shown in Fig. (2) .
From Fig. (2) , it can be seen that smokers of less than 11 CPD had the highest median nicotine metabolite concentration per cigarette, but this group also had the highest IQR of nicotine per cigarette, using this simple calculation approach. Even allowing for this wide variation, there is not a clear-cut negative association between CPD and total nicotine metabolites. Indeed, without the < 11 CPD group, no clear association between the relationship between urinary nicotine metabolites per cigarette and CPD is obvious. For NNAL, a urinary metabolite of NNK, there is no apparent positive or negative trend for NNK obtained per cigarette smoked across the sub-groups.
DISCUSSION
The biomarkers of exposure to cigarette smoke constituents that were measured indicate the amount of nicotine, total nicotine metabolites and total NNAL present in 24h urine samples of smokers and, therefore, provide objective information on individual exposure. In this study, the information has been supplemented with data obtained from detailed questionnaires and recorded smoking behavior both outside and within a clinical environment. The presence of a clear and positive relationship between all exposure categories -the recruitment groups, observed CPD and biomarkers of exposure -may prove to be useful in evaluation of health risks associated with smoking and in the evaluation of potential reduced-exposure products [7, 13] .
The results of this combined analysis show that:
• increasing the number of cigarettes smoked increases the levels of smoke constituents and their metabolites found in the urine, with a clear and statistically significant positive relationship ( Table 1) ; • smokers of cigarettes with a machine smoked tar yield <6 mg (ISO) have lower concentrations of the biomarkers of exposure of interest in this study compared to subjects smoking the same number of CPD with a machine smoking tar yield 6 mg ( Table 1 and Fig. 1) ; and • smokers of less than 11 CPD have the lowest median concentrations of nicotine metabolites and NNAL in their urine samples ( Table 1 and Fig. 1 ) but they also obtain higher median amounts of nicotine from each cigarette (Fig. 2) . This extreme variation may be due to the known wide variation in puffing profiles for smokers of cigarettes from this category [14] .
It was expected that a clear "center effect" would be seen in the urinary NNAL concentrations because of the well documented differences in nitrosamine levels in tobacco blends used in Virginia cigarettes (favored by smokers in the UK) and blended cigarettes (favored by smokers in Europe) [15] . This was not seen in the pooled data, possibly because approximately half of the smokers from the Leeds arm smoked blended products and the total numbers for any single brand in the study were low. Even if the Leeds data were considered separately, statistically significant heterogeneity in the urinary NNAL concentration across brands was not observed (data not shown). However, without data to confirm machine smoked NNK deliveries from each of the cigarette brands used in the studies, it is difficult to assess whether or not any center differences should be expected.
Although the health risks of smoking are clear [16] , the relationship between specific tobacco smoke constituents and mechanistic steps in diseases remains unclear [17] [18] [19] . Epidemiological studies linking biological markers of exposure with biomarkers of effect and risk or potential harm are needed to be able to better understand the development of diseases associated with smoking. Furthermore, the biomarkers of exposure to cigarette smoke currently available are all markers of relatively short-term exposure. Nicotine and its metabolites are suitable as biomarkers for recent exposure within 1 to 3 days [20] and NNAL gives an indication of exposure to NNK over a period of weeks to months [21] . This may lead to a possibility of artifact in any analysis like the one presented in Fig. (2) because short-term influences on smoking behavior (e.g. CPD), such as the attendance at a clinical center, will have a disproportionate impact on urinary nicotine metabolite compared to NNAL concentrations. 
